A method has been developed that takes advantage of the formation of noncovalent compounds in electrospray mass spectrometry.
Mixtures of proteins and peptides are shown to produce an intense ion that corresponds to a 1:l complex with a crown ether (1%crown-6). Although the crown ether may be added directly to the solution, for the current experiments it is introduced via the methanol liquid sheath. The spacing of these complexed species in the mass spectrum allows unambiguous determination of the charge state of the ions and their actual mass. Through constant neutral loss scans, charge state may be determined, mass assigned, spectra simplified, and chemical noise may be reduced for the analysis of complex peptide samples without chromatographic separation. Finally, the prevalence of single complexation permits mass assignments based on the mass difference of a single protein ion and its complexed form at any charge state. In essence, the method performs a separation based on charge state. It can be used to complement chromatographic separation and deconvolution algorithms for the electrospray mass spectrometry analysis of peptide-protein mixtures.
(1 Am Sot Moss Spectrom 1995, 6, 1175-I 182) E lectrospray ionization (ES11 mass spectrometry has generated tremendous excitement in the last few years as publications that involve the technique have grown at an exponential rate [l] . Since the beginning of the 199Os, electrospray has been utilized extensively and in many ways has revolutionized the field of mass spectrometry.
Its basic strength lies in its ability to detect large polar molecules within a relatively small mass-to-charge ratio range and also in its ability to be coupled with existing separation techniques. One drawback to the technique lies in the potential difficulty in determination of the charge states (and thus the actual masses) of the observed ions. To overcome this former problem, Neubauer and Anderegg [21 proposed the addition of sodium acetate to the mobile phase during a liquid chromatography/ electrospray ionization-mass spectrometry experiment, whereas Senko and co-workers
[3] utilized the addition of Cuz+. The main advantage of Cu2+ over Na+ lies in its larger mass, which thus provides for a larger mass separation than sodiated ions. Along the same lines, we recently introduced the concept of mass and charge assignment via crown ether adduction for single small peptide standards [4] . Crown ethers are more amenable than cations toward the task of mass and charge assignment in electrospray mass spectrometry because of (1) their relatively large molecular weight, (21 their neutral charge state, (3) the large abundance of the peptide-crown ether ion complexes, and (4) the ability to exploit constant neutral loss (CNL) scanning on the crown ether complexes. Within this work [4] , it was demonstrated that a single crown ether-peptide complex ion predominates over multicomplexed ions within the spectrum regardless of the charge state (trace levels of double complexation may be evident). It also was demonstrated that the mass of single peptides could be determined accurately from the use of constant neutral loss (CNL) scanning and the following algorithm:
[( A -B/n) x n] -jr = molecular weight of the peptide
where A is the precursor mass-to-charge ratio determined from the constant neutral loss spectra, B is the mass of the crown ether employed, II is any integer (1,2,3, etc.1 and consequently the charge state and number of adducted protons, and B/n is the selected constant neutral loss.
Within the last four years, the investigation of ion formation as well as studies of a variety of noncovalent interactions and conformations of biopolymers by ES1 has begun and is currently being pursued vigorously [4-211. This has been a somewhat controversial area because the precise origin of these species and the mechanism of ion desorption are still unclear. An excellent recent review of existing theories of ion desorp-CUNNIFF AND VOUROS J Am Sot Mass Spectrom 1995, 6, [1175] [1176] [1177] [1178] [1179] [1180] [1181] [1182] tion within ES1 is given by Kebarle and Tang [22] . It must be pointed out here that it is not our current intention to determine the origin of noncovalent species in ESI, but rather to exploit them. With the introduction of a noncharged noncovalent adduct, such as a crown ether, which remains bound to the analyte within the gas phase, we now can utilize more fully the tandem mass spectrometry capabilities with which so many commercial electrospray mass spectrometers are currently equipped. With crown ether adduction, the technique of constant neutral loss ticarming now can be applied to biologically important compounds not normally prone to losing neutral fragments. The study of crown ether complexes in both the solution and gas phase is not new in mass spectrometry ([23-321 and Cunniff, J. B.; Vouros, P., to appear). Several books detail the findings of studies that involve crown ether complexes . The selection of the 18-crown-6 ether (Structure 1) as a noncovalent complexing agent was made because it forms an abundant ion complex with peptides, because it is soluble in our methanol sheath liquid, and because it is a neutral species that will not adversely affect the electrospray system. It is also readily available from commercial sources.
In this article we report on the further utilization of the concept of adduct formation via complexation with a crown ether toward the determination of charge states of electrospray ions and demonstrate its general applicability to the analysis of complex mixtures of peptides, proteins, or combinations thereof.
with an electrospray ionization source was used. The stainless steel needle supplied with the instrument was replaced with a polyimide-coated fused silica capillary through which solutions were continuously infused. The interface consisted of a coaxial methanol liquid sheath used for introduction of 0.02-M 18-crown-6, as well as a coaxial gas sheath. The electrospray needle was maintained at f 4500 V and operated in the positive ion mode. 100 scans were averaged for each spectrum. The scanning rate varied from 850 to 1000 u/s. For constant neutral loss scans, the collision voltage was set at -20 V, and a pressure of 1.5-mtorr argon was maintained within the collision cell. 
Chemicals and

Results and Discussion
Extmction of R Peptick from n Peptide-Proteh Mixture
The spectrum of solution 1 is presented in Figure la . No 18-crown-6 was present in the MeOH sheath during the acquisition of this spectrum. The doubly charged ion of bradykinin shows up at nr/z 531 I(1060 + 2)/2l. The singly charged ion of bradykinin is buried under the signal of the myoglobin ion at rrr/r 1060.5. It should be pointed out that without the observation of either cation adducts [2, 31 or a chromatographic separation, the mass and charge state of the peptide could not be assessed. For example, the ion at /n/z 531 may correspond to a peptide with MW 530 or the ion at 111/z 525 may correspond to a doubly charged peptide of MW 1049.5. It is also possible that these ions may be sodium adducts or multimers. A normal scan spectrum of the same solution, but with the addition of 18-crown-6 to the methanolic sheath is shown in Figure lb . Although it may be possible to discern the charge states of the peptides from this spectrum, it is too complex for practical utilization. A CNL scan that monitors the loss of 132 u [which corresponds to loss of 18-crown-6 from a doubly charged species (264/2)] of this solution yields the spectrum of Figure lc. Because only a doubly charged species will lose a neutral fragment that corresponds in "mass" to 132 u, no ions related to the protein are present. In essence, the 132-u CNL scan for solutions infused with 18-crown-6 yields a spectrum indicative of only doubly charged species. This effectively constitutes a mass spectrometric extraction of doubly charged peptide ions from a multitude of protein ions (charge states > 2).
It should be pointed out that the masses that we have superimposed on the figures are, in fact, the mass-to-charge ratio of the ions that are actually detected by the mass spectrometer. The masses reported by the mass spectrometer during a CNL scan are actually calculated parent masses. It should be possible to rewrite the software so as to display the actual ions that impinge on the detector and thus eliminate the need for an external calculation.
Mass Assigmzents nmi Sinzylificatio~? of n Spectrum of a Complex Pepticie Mixture
The mass spectrum of solution 2, which contains 11 peptides, is shown in Figure 2 . No 1%crown-6 was present in the MeOH sheath during the acquisition of this spectrum. The spectrum is complex and interladen with sodium adducts. The peptide A (Table 1) and triply charged ion peaks. This overlap introduces a serious complication, because the singly charged ions are effectively "hidden" by the multicharged peaks and are likely to go undetected by conventional deconvolution algorithms. Furthermore, cation addition to help identify charge states is of no help when there is such peak overlap. For our current example, this possibility is reflected in the overlap of the doubly protonated peptide K with the singly protonated peptide H. The ion of the doubly sodiated-doubly charged peptide K also overlaps with that of the singly sodiated-singly charged peptide H. Peptide H therefore may go undetected. There is also an overlap of the ions of the singly protonated peptide D and the triply protonated peptide K.
Singly Ckarged ions fCNL 264 11). The 264-u CNL scan [which corresponds to 18-crown-6 loss from a singly charged species (264/l)] of solution 2 (Table 1) yields the spectra of Figure 3 . Note the simplicity of the spectra and the absence of the sodiated peaks (these do not form detectable complexes with the crown ether). Although peptide A could be detected only as a sodium adduct (which could lead to an improper mass assignment) in the normal spectrum (Figure 2 ), it appears as an intense protonated-complexed ion in the 264-u CNL spectrum (Figure 3a) . It also is shown that the ion at m/z 650.8 (peptide H) in Figure 2 is comprised at least partly of a singly charged species and not solely the doubly charged ion of peptide K (MW 1296.5). In fact, the crown ether-protonated complex is evident for all 11 peptides. The ions at m/z 781.3 (517 + 264) and 807 (543 + 264) are indicative of singly charged peptides of mass 517.3 and 543, respectively. These ions are actually the doubly charged ions of peptides I and J and the apparent loss of 264 mass units actually stems from the loss of two crown ethers from the doubly charged ions. As mentioned previously, the occurrence of double complexation complicates the spectral interpretation. For this reason, a CNL 132 also must be performed on peptide mixtures. The fact that the ions at m/z 517 and 543 are actually doubly charged species is readily determined as discussed in subsequent text. Doubly Charged km (CALL 232 u). The CNL (132-u) spectrum, which corresponds to the loss of 18-crown-6 from a doubly charged species (264/2) of solution 2, is shown in Figure 4 . As expected, this spectrum is even simpler than its singly charged counterpart because of the presence of fewer doubly charged than singly charged species. All the doubly charged species are evident in the spectrum. The fact that the ion peak at U~/Z 650.8 in Figure 3 also contains a doubly charged ion (doubly charged peptide K) is now corroborated. The potential misinterpretation of charge states that was evident for the two doubly charged-doubly complexed ions observed in the CNL (264) spectrum is not possible due to double complexation within a CNL (132) experiment. The reason for this is that a doubly charged-doubly complexed species will not lose 132 u. It should be noted that, theoretically, a misinterpretation is possible if a quadruply charged-doubly complexed ion is introduced into the collision chamber. In general, peptides that form prominent quadruply charged ions also form prominent triply charged species. A scan for triply charged ions (see below) can rule out the possibility of quadruply charged-doubly complexed ion contributions to the CNL (132 scan) by the absence of the corresponding triply charged ion.
Triply Char:ped km (CNL 88 u). The CNL of 88 u [which corresponds to loss of M-crown-6 from a triply charged species (264/3)] for solution 2 yields the spectrum of Figure 5 . This spectrum, like the one generated by the doubly charged species, is quite simplified because there are few triply charged species in this solution.
Mass Assignment of Proteins
To assess the general analytical utility of the noncovalent crown ether complexation process, we next considered the mass spectra generated from the crown ether interaction with proteins. Two examples are presented here. Figure 6 shows the spectrum of myoglobin (solution 3) analyzed with the H-crown-6 present in the liquid sheath. The most striking feature in this spectrum is that single complexation predominates even though the protein contains a multitude of charges and despite a large excess of crown ether in the aspirated solution. This is not to say that double or triple complexation does not occur to any degree, but simply that the 1:l complex is clearly the most dominant complex species. Although the predominance of single complexation was evident in the multiply charged peptides, it was unexpected with the highly charged proteins. The fact that single complexation predominates with proteins is fortunate because it greatly simplifies the spectra.
The spectrum of Figure 7 demonstrates that multiple complexation (up to three or four crown ether molecules1 with cytochrome c is much more evident than it has been in previous examples, although the singly complexed species are still predominant.
Although the reasons for this are not totally clear, it may be due in part to the abnormally large percentage of lysines present in cytochrome c (19 lysines/l04 amino acids). It is interesting also to note that the number of crown ethers that are attached to both myoglobin and cytochrome c appears to be independent of the charge state. A priori one might reasonably expect that a larger number of crown ethers would complex to the more highly charged species due to the greater avail- ability of charge sites for interaction. The apparent independence of the number of bound crown ethers at each charge state may have implications for the tertiary structure (gas phase or solution phase) of the protein and/or the mechanism of electrospray. These topics are beyond the scope of the current paper, but they are the subject of continuing research.
Mm ofAporrryo~p/obir~ nrrd Qfohrorrle c. From Figure 6 or 7, the charge state of any ion in the spectrum of myoglobin or cytochrome c can be determined from the mass difference of any uncomplexed ion and its singly complexed adduct as follows:
Where Mcc,lnrpleledj is the mass-to-charge ratio value of a singly complexed protein ion, MC,,,,, ,,,, p,r,r.d, is the mass-to-charge ratio value of the complementary LIIIcomplexed ion, and charge state is an integer. Assuming proton cationization, the mass of the protein then can be calculated accordingly: Attempts to generate CNL scans from the loss of 18-crown-6 from highly charged ions t > 101 have been unsuccessful. It is still somewhat unclear why this is the case, but it is possible that it may be due to a combination of factors. Ions spend a relatively short period of time in the collision cell. Because of this and because there is an enhanced likelihood that a crown ether knocked off one charged site may be abstracted by a second cationic center (due to the large number of charges), it is conceivable that a crown ether cannot be completely freed from the highly charged protein ion during the collision time frame. [It also has been postulated that the problem here might be the low centerof-mass collision energy available for highly charged ions, because these tend to be heavy (editor's comments)]. Nevertheless, it would be interesting to perform the experiment with an ion trap or ion cyclotron resonance mass spectrometer whereby the time frame of collisions could be greatly enhanced. Without the ability to do CNL scanning of highly charged proteins, the practical utility of the crown adducts for the analysis of proteins is analogous to the utility of metal cation adducts with peptides. Admittedly, the practical utility of crown ether adduction for proteins may be limited because the charge state and mass of the protein may be determined readily and accurately by commercially available biomass deconvolution programs that have a built-in multiplex advantage and appear to do an adequate job. It should be noted that the multiplex advantage also can be applied to the crown ether adduct spectra simply by determining the mass of the protein (by using eqs 2 and 31 for every set of ions available in the spectrum. By utilization of crown ether adduction, however, the mass of a protein may be determined by only one protein ion and its adduct. This avails the possibility of accurate determination of protein mass with shorter scan ranges and concomitantly increases the number of scans per unit time. The problem of excessive scan times with respect to peak width in the analysis of proteins by chromatography is often a seri-OLIS drawback of electrospray mass spectrometric detection. It must be pointed out that although the mass of a protein also may be determined by biomass deconvolution algorithms of only two protein ions, there is a built-in assumption that both ions originate from the sn~1c protein. Although this assumption readily can be made for analysis of known protein solutions, it is not made as easily during the analysis of complex protein mixtures with coeluting analytes. With the crown ether mass shift, the assumption that two ions originate from the same protein can be corroborated with the adduct mass shift. In this manner, the crown ether mass shift can determine the presence of coeluting analytes. Finally, the crown ether mass shift may be used in conjunction with the biomass deconvolution and provides twice as many peaks for a single protein.
It should be noted, however, that the potential benefits of additional peaks may have to be balanced with the possibility of charge suppression and competition from the additional ions.
Perhaps the greatest potential advantage of utilization of crown ethers may be realized best in the analysis of complex mixtures of peptides, in particular trypsindigested proteins. Because trypsin cleaves at the C-side of lysine and arginine, peptide fragments with two amine groups are present on all peptide fragments. There exists therefore the potential that all trypsin fragments will yield doubly charged ions. This would make the mixture amenable to CNL (132 LI) scanning (for 18-crown-6 adducts), which conceivably could yield a spectrum that consists of a single peak per peptide fragment (as observed in Figure 41 . From the spectrum, the mass of each peptide fragment can be determined. Complementary data could be obtained by CNL (264 u) scanning. One drawback to this scenario versus a prior chromatographic separation is that isobaric peptide fragments could not be distinguished (although they may be with a high resolution mass analyzer). In many respects, the information content of such an experiment may be similar to that obtained by a matrix-assisted laser desorption time-of-flight experiment of the trypsin digest, but with enhanced resolution. The number of peptide fragments is generally similar to the number analyzed in solution 2. Finally, if chromatographic or electrophoretic separation is required, employment of the crown ether within a methanol sheath, combined with CNL (132) scanning may simplify the mass chromatogram greatly and conceivably could reduce the scanned mass range by a factor of 2.
Eliminntio~z of Buflirs ami Snrnple Size Liruitatiom
Biological samples frequently are delivered to the mass spectrometrist in a matrix suitable for biological preservation but very detrimental to ES1 analysis. For this reason, a prior sample cleanup and/or desalting often is required. Although this may reduce a number of compounds that may cause charge suppression, buffers and ion-pairing reagents, which are required for high-performance liquid chromatography (HPLC) or capillary zone electrophoresis (CZE), may add other potential charge suppressors. Because it is possible that the CNL experiment with crown ether can be performed by continuous infusion, contamination of the sample by ion-pairing reagents or buffers (used extensively in HPLC or CZE) can be avoided. It should be noted that an initial sample cleanup still must be performed prior to analysis by the continuous infusion method. With the elimination of buffers or ion-pairing agents such as trifluoroacetic acid, negative ion ES.1 (ES1 -1 spectra are generated more easily. The ES1 -spectra of peptides, which also lack sodium adducts, may complement the ES1 + data by using CNL scanning. A simple switchover to negative ion detection is possible even while the crown ether sheath is being infused. Crown adducts are not observed via ES1 -scanning apparently because the crown ether binds only to positive sites. Our current investigation concerns whether crown ether addition actually enhances ES1 -data via a "crown ether effect" mechanism. That is, just as crown ethers can enhance the rate of nucleophilic attack in organic reactions by "tying up" positive counterions, it is possible that an increased negative ion current may be allowed due to an analogous "tying up" of positive ions within the charged droplet. Finally, because all the recommended experiments have been performed by using continuous infusion, sample volume will not be restricted by sample loop size or chromatographic concerns. It should be noted that the crown ether adduction method also may be performed when the sample is limited and when loop injection is desired.
Conclusion
Crown ether adduction can be exploited to determine an unambiguous mass-to-charge ratio and mass of single peptides. The method can be applied to the analysis of relatively complex mixtures of peptides and/or proteins. For peptides, the noncovalent crown ether complex may be detected by tandem mass spectrometry by using a constant neutral loss scan. This permits the facile determination of charge states of complex peptide solutions with greatly simplified spectra and the capability to distinguish isobaric ions with different charge states. The method may be used in conjuction with chromatography with the additional feature of separation based on charge state. In some cases the method may be used for the rapid analysis of a large number of peptides without chromatography and without sample volume limitations or limitations that result from ion-pairing reagents that frequently are employed with chromatographic techniques. For proteins, the charge state and mass of a protein may be determined from a single protein ion and its singly complexed satellite ion.
